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SUMMARY
Laboratory and greenhouse experiments were con­
ducted to study the availability of fertilizer P in 20 
samples of different soils representing 10 of the princi­
pal soil associations in Iowa.
Ryegrass plants recovered an average of approxi­
mately 50 percent of the added fertilizer P during a 
385-day cropping period in the greenhouse. It ap­
peared that continued cropping would have resulted 
in very little additional recovery of the added P. Dif­
ferences in recovery of the added P from the different 
soils were relatively small, despite differences in rate 
of fertilizer addition or differences in soil pH, CaCOg 
content, level of available soil P, soil organic matter 
content, and soil texture.
The percentage of P in the plants at the first harvest 
increased in direct relation to the amount of fertilizer 
P added. In subsequent harvests, at all levels of added 
P, the percentage P in the plants from any one soil 
decreased linearly in relation to the amount of P re­
moved by the plants until the availability of P in the 
soil was reduced to a very low, “minimal,” level. This 
low P level was similar for all the soils as indicated by
the percentages of P in last cuttings of the ryegrass 
plants and by the Bray P soil-test results after cropping. 
The plants continued to remove P from the soils after 
the available P had been reduced to this low level, but 
the plants were very P deficient, and the amounts of P 
removed were small.
Chemical extraction of the added fertilizer P by the 
Bray method (0.03 N NH4F  and 0.025 N HC1) with a 
1:10 soil-extractant ratio provided a good index of the 
availability of the added fertilizer P to plants in all 
the different soils, except 2 very calcareous Ida soils. 
(From Ida soils, however, an extraction with a 1:60 
soil-extractant ratio removed quantities of added P 
equivalent to those removed from other soils by extrac­
tion with the 1:10 ratio.) An average of only 43 to 50 
percent of the added P was removed from the different 
soils by the chemical extraction after a 5-day incuba­
tion period. Within these limits, the average percent­
age removed increased as the rate of added P increased 
from 25 to 100 ppm. After this initial 5-day period, 
recovery of the added P decreased slowly with time of 
incubation.
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Reliable predictions of the increase in crop yield 
that may be expected from applications of fertilizer P 
on any particular soil depend upon estimates of the 
relative availability of both the soil P and the added 
fertilizer P. Chemical soil tests have been widely used 
to provide indexes of the availability of soil P to plants. 
Previous studies (7, 8 ) indicate that the Bray P -I test 
provides an excellent index of the availability of P in 
most Iowa soils. But there is relatively little informa­
tion concerning the relative availability of added ferti­
lizer P in the different soils of Iowa. Some of the infor­
mation indicates that the availability of added fertilizer 
P may be very different in the different soils.
This study was conducted to determine the relative 
availability of added P, when added as a solution of 
monocalcium phosphate, in different Iowa soils. The 
relative availability was estimated by growing plants 
on the different soils in the greenhouse, and indexes of 
the availability were obtained by chemical extractions 
of the soils in the laboratory ( 10).
LITERATURE REVIEW
Aslyng (2 ) states that the availability of a nutrient 
in a soil is characterized by an intensity factor, whereas 
the available amount of the nutrient is measured as a 
capacity factor. The intensity factor may be interpreted 
as the concentration of the nutrient in the soil solution. 
The capacity factor may be interpreted as the amount 
of nutrient that can be removed before the availability 
or intensity reaches a given threshold value.
It is generally recognized that, when fertilizer P is 
added to soils, only a fraction of the added P can be 
recovered in crop plants grown on the soils. Many 
studies have been conducted to assess the importance 
of this phenomenon in soils and to clarify the mecha­
nisms involved. Soil reaction, soil texture, time and rate 
of P addition, temperature, and organic-matter content 
are generally considered involved. Most studies of P 
fixation, however, have involved extraction of the P 
from the soils with chemical extractants in the labora­
tory. Relatively few studies have been conducted with 
soils similar to those found in Iowa in which plants 
were grown on the soils to extract the added P. There­
fore, definite information is limited concerning the 
relative availability to plants of fertilizer P added to 
different Iowa soils, or similar soils.
Moore, Attoe, and Rich (13) determined the recov-
the Iowa Agriculture and Home Economics Ex­periment Station, Ames, Iowa.
* Former graduate student and professor of soils, Department of 
Agronomy, Iowa State University, respectively.
ery of added P by oat plants from 5 Wisconsin soils. 
Different rates of monocalcium phosphate were added 
and mixed with the soils 1 month before seeding the 
oats. C aC 03, N, K, and S were also added and mixed 
with each soil. Eleven croppings were made during a 
24-month cropping period. The amounts of P recov­
ered were calculated as the difference in P uptake, 
where P was added at a rate of 66 ppm P and where 
no P was added. Percentage recoveries of the added P 
by the oat plants from the different soils varied from 
51 to 72 percent. Percentage recovery decreased slight­
ly as the rate of added P increased to 589 ppm P.
Thorne3 added superphosphate to surface and subsoil 
samples of Tama, Fayette, Carrington, Webster, and 
Marshall silt loam soils from Iowa for laboratory and 
greenhouse studies. In the greenhouse, superphosphate 
at the rate of 400 pounds per acre ( equivalent to 17.5 
ppm P) was mixed with the soil 3 months before «Top­
ping and at planting time. Tomato plants were grown 
for 3 weeks before being harvested. Fixation of P by 
the soils, as indicated by the response of the tomato 
plants, was less than that indicated by extraction in the 
laboratory with 0.02 N H2S 0 4 and a 1:200 soil to solu­
tion ratio. The amounts of P extracted by the 0.02 N 
H2S 0 4 method were poorly correlated with the re­
sponse of the tomato plants to the applied P. Addition 
of superphosphate at the time of planting resulted in 
larger crop responses than did additions of the same 
amounts 3 months before planting. Thorne4 concluded 
that the effectiveness of the added P was different for 
the different soils.
Smith5 initiated field experiments with oats on Floyd, 
Edina, and Ida silt loam soils in Iowa to study the 
availability of the residual P remaining in the soil from 
P fertilizer applications in three different years, 1953, 
1954, and 1955. The field experiments and a green­
house experiment with millet and with soil samples 
from the field experiments indicated that current P 
fertilizer applications resulted in larger increases in 
plant yield and P uptake by the plants than did appli­
cations made 1 or 2 years previously. “A” values [esti­
mates of the amount of nutrient available in soil (6 )] 
determined in the greenhouse showed that P fertilizer 
applications made 1 or 2 years previously averaged 56, 
72, and 70 percent as effective as the current P ferti­
lizer application for the Floyd, Edina, and Ida soils, 
respectively. Results of another greenhouse experi-
„ 3clT^®rnse* M.D. Phosphorus fixation in Iowa soils. Unpublished 
M.S. thesis. Iowa State University Library. Ames. 1941.
« Ibid.
* 0 .  M. Smith. 1956. Availability of residual fertilizer phosphorus 
and its evaluation in Iowa soils. Unpublished Ph.D. thesis, Iowa State University Library. Ames.
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ment, in which soil samples from other Iowa soils were 
used, indicated that P fertilizer applications made 1 or 
2 years previously were 40 to 65 percent as effective as 
a current application.
Eik et al. (5 ) conducted a greenhouse experiment 
in 1957 by using soil samples collected in 1955 from 
the field plots established by Smith6 in 1953 and 1954. 
Sorghum was grown on the soil samples without fur­
ther P fertilization and on samples from the unferti­
lized field plots after treatments with superphosphate 
equivalent to those that had been applied in the field. 
The percentage recovery of fertilizer P by the plants 
was 45, 46, and 38 of the 1957 applications and 30, 36, 
and 24 of the 1953-54 applications for the Floyd, 
Edina, and Ida soils, respectively.
Ulgen7 in 1962 collected soil samples from the field 
plots established by Smith on the Floyd and Edina 
soils on which grass had been grown following the 3 
years of experiments with oats. “A” values (6 ) for the 
soil samples were determined in a greenhouse experi­
ment with oats as the test crop and adding a solution 
of radioactive P labeled monocalcium phosphate. The 
relative effectiveness of the residual P from the ferti­
lizer applications made 7 to 9 years previously com­
pared with that of a current application were 17.0 per­
cent in the Edina soil and 22.6 percent in the Floyd 
soil when P fertilizer equivalent to 120 pounds of P2O5 
per acre had been applied. The relative effectiveness 
increased as the rate of P fertilizer application in­
creased.
Uniform phosphorus field experiments were conduct­
ed in 1951 and 1952 by using P-32 labeled fertilizers 
in a cooperative study among universities in many 
states and the U.S. Department of Agriculture.8 Soil 
samples from the field experiments were used in green­
house and laboratory studies. Extrapolation of yield- 
of-P curves from the greenhouse data to the point of 
intersection with the X axis gave an estimate of the 
available soil P ( “a” value) (4 ), which approximated 
the “A” value ( 6 ) obtained by using P-32 labeled fer­
tilizer. The slope of the yield-of-P curves was influ­
enced to a degree by the P-fixation process, as indi­
cated by correlations with anion exchange capacities 
and with cation exchange capacity-anion exchange ca­
pacity ratios (4 ). These correlations accounted for a 
very small fraction of the total variation, however, indi­
cating either that the slopes of the yield-of-P curves 
(i.e., the uptake of the added fertilizer P ) were not 
appreciably affected by P fixation or that the exchange 
capacity methods did not adequately reflect the influ­
ence of P fixation on P absorption by the plants. The 
study included samples of 28 soils from Iowa and ad­
joining states. These 28 soils were similar to those sam­
pled for our study. Recovery of added fertilizer P from
« Ibid.
1 All Nazmi Ulgen. 1964. Effect of rate and time since application 
on residual availability of applied phosphorus on two Iowa soils. 
Unpublished M.S. thesis. Iowa State University library. Ames.
o Administrative reports issued by the Soils Division, Agricultural 
Research Administration, U.S. Dept. Agr.; Uniform Phosphorus Ex- 
periments; Cooperative Study on the Fertility Status of Soils, May 
1952; and Uniform Phosphorus Experiments in 1952, June 1953.
samples of the 28 soils by millet grown in the green­
house for 5 weeks varied from 9 to 22%. Percentage re­
covery of the added P decreased slightly as the rate of 
added P increased, but was not consistently related to 
the level of P availability in the soils, soil pH, soil tex­
ture, organic matter content, or other measured physi­
cal and chemical properties of the soils. The “A” values 
and “a” values generally increased as the rate of added 
fertilizer P increased, but the results from the different 
rates of added P ranked the soils in essentially the 
same order. Within the group of 28 soils, the “a” values 
were generally similar to the “A” values, but there were 
a few marked exceptions in which the amount of soil P 
taken up by the plants was either increased or de­
creased as a result of the P fertilizer additions.
EXPERIMENTAL MATERIALS AND METHODS
Bulk soil samples of about 25 kg (60 lb .) each were 
collected from die plow-layer, 0-15 cm (6 inch), of 20 
different experimental plots in 10 different soil associa­
tion areas in Iowa between Nov. 9 and 13, 1964. Most 
of the fields had been plowed when they were sam­
pled. The undried soil samples were screened through 
a 0.6-cm (&-inch) mesh screen, mixed thoroughly, 
placed in double layer polyethylene bags, stored in a 
shaded place during the cold, winter season, and trans­
ferred to a refrigerated room at 5°C in the spring.
In the greenhouse experiment, the treatments con­
sisted of additions of 0, 25, 50, and 100 ppm P ( on an 
oven-dry basis). These treatments will be designated 
as P0, Pi, P2, and P8, respectively. The treatments were 
replicated 3 times and arranged with soils as the whole 
plots and P treatments superimposed as the split plots. 
Greenhouse pots were plastic lined, No.-lO metal cans, 
15.5-cm diameter and 17.5 cm high. Enough clean 
quartz sand was added to each pot to make the weight 
of each pot, plus sand, equal 2,000 g. A 20-cm section 
of plastic hose (lK-cm diameter) was placed in the 
center of each can so it extended from above the soil- 
sand surface to a depth of about 1 cm from the can 
bottom. P was added as C a(H 2P0 4)2 * H20  dissolved 
in water.
The undried soil sample for each pot, equivalent to 
1,000 g of oven-dry soil, was spread in a thin layer on a 
plastic sheet, and 25 ml of P solution was applied over 
the soil sample with a pipette. The soil sample was 
then mixed thoroughly in an electric rotary mixer for 
5 min. The thoroughly mixed soil was placed on top of 
the layer of sand in a greenhouse pot. Plants of com­
mon ryegrass {Loliutn multifloTUTn) had been estab­
lished by seeding, on Nov. 17, 1964, 1.6 g of seeds in 
600 g of clean quartz sand enclosed in a paper ring, 
15-cm diameter. The sand was wetted by adding a 
complete nutrient solution (total P addition was 9.3 
mg P per ring). The soils were potted, and die plants 
growing in the sand were placed on top of die soil in 
each pot on Jan. 21,1965. The pots were watered regu­
larly by adding deionized water in amounts to main-
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best estimate of the availability of soil P9, these aver­
age “a” values were used to calculate recovery of the 
added fertilizer P by the plants for all the different 
harvests according to the equation:
mg of fertilizer P recovered =  (B 8/“a”)PT,
where PT =  total mg of P in the plants from pots 
where P fertilizer was applied.
In the laboratory, P was added as Ca(H2PC>4)2 * H20  
in 10 ml of water to 200-g ( oven-dry basis) samples of 
the undried soils at rates of P similar to those used for 
the greenhouse experiment. Subsequently, additional 
treatments of 150, 200, and 300 ppm P were added to 
the Ida soils. The treated, undried soil samples were 
placed in pint Mason jars, covered with aluminum foil 
with several small holes to allow aeration, and arranged 
in a split-plot design on a cart in the laboratory. Water 
was added periodically to maintain the soil samples in 
a moist condition. Duplicate samples of 2 g each were 
taken from each jar after 5, 10, 15, 20, 30, 50, and 100 
days. These samples were air dried overnight and then 
crushed in a porcelain mortar. Samples of 1/2 g each 
were extracted with 15 ml of Bray P-1 extracting solu­
tion (0.025 N HCL and 0.03 N NH4F ), and P in the 
extract was determined by the procedure of Laverty 
( 11).
Some analyses of the undried soil samples before 
and after cropping were made in the Iowa State Uni­
versity Soil Testing Laboratory. Extractable P was 
extracted by using the Bray P-1 extracting solution 
with a 1:10 soil (on a dry-weight equivalent basis) to 
solution ratio. P in the extract was determined by the 
method of Laverty (1 1 ). Soil pH was determined with
® See subsection on indexes of P availability in the soils.
Table 1. Some characteristics of the soil samples used in this study.
Sample
No.
Soil
Type
Plot sampled Laboratory analyses
Crop
rota­
tion*
Plot
treat-
mentb
Bray
P-1
test*.
Soil
pH
Org.
C
CaCOft
Equiv.
Sand
>0.05mm
Clay
<2/i
ppm % % % %12 Ida sil COMM 3.8 7.9 0.9 6.6 8 1413 Webster cl CCCC 4.9 8.1 3.2 1.3 29 3214 Webster cl COM K75 7.7 7.1 3.6 24 331 Kenyon 1 COM L 5.2 5.8 2.6 24 2515 Kenyon 1 COM 6.5 5.3 2.4 26 235 Moody sicl COM N120 5.4 6.5 2.2 6 294 Galva sicl CCO N120 5.6 6.3 2.8 4 369 Grundy sicl COM 8.4 5.6 2.1 4 296 Edina sil COM 5.0 6.0 1.7 2 2417 Ida sil COM MPm 7.0 8.0 0.8 6.8 7 142 Cresco 1 CCOM 7.0 6.3 2.6 28 2518 Galva sicl CCO Pta 10.0 6.7 2.7 4 3511 Marshall sicl CCCC 8.2 5.4 1.7 3 3319 Moody sicl CCO P36 10.2 7.0 1.9 5 323 Cresco 1 COM 6.0 6.6 3.0 26 2616 Cresco 1 COM P13K25 9.2 6.2 2.7 34 237 Edina sil COM X 13.8 5.2 1.7 2 2320 Kenyon 1 COM P13K25 9.8 6.9 2.4 21 2610 Marshall sicl CCCC P„ 15.8 6.2 1.5 3 348 Belinda sil CCCC Nl20" ? 12.5 6.5 1.4 5 18
* C — corrV O =  oats,;M =  clover, alfalfa, grass meadow. The 1964 crop is in boldface.
L =  lime, M =  manure, N =  nitrogen, P =  phosphorus, K =  potassium. Subscript indicates Ib./acre applied during the 
rotation.
c Analyses in Iowa State University Soil Testing Laboratory.
tain the soils near field capacity, based on weighings 
of the pots. N and K, as C a(N 08)2 and K2S 0 4 in wa­
ter solution, were added periodically through the plas­
tic hose into the sand layer below the soil in each pot. 
Successive grass harvests were made by clipping at a 
2.5-cm height, at 50, 86, 117, 165, 197, 240, 278, 313, 
349, and 385 days after transplanting. Because some of 
the plants were dying at the time of the third harvest, 
ryegrass was reseeded in all pots on June 4, 1965, by 
seeding directly in the sand layer above the soil in the 
pots. Plant samples were dried in a forced-draft oven 
at 65°C for 48 hr., weighed, and then ground in a 
Wiley mill through a 20-mesh sieve and saved for lab­
oratory analysis.
The P contents of the plant samples were deter­
mined colorimetrically by a vanadomolybdate proce­
dure after digestion of 0.5 g oven-dried plant samples 
in 10 ml of concentrated H2S 0 4, with Cu as a catalyst.
The “a” values, as indexes of the availability of soil P, 
were calculated for each soil at each harvest by a yield- 
of-P method (4 ) based on the cumulative amounts of P 
taken up by the plants according to the equation:
“a” =  As =  Bs (Ap/Bp)
where As and Bs represent the amounts of available P 
in the soil and fertilizer, respectively, and Ap and Bp 
represent the amounts of P the plants have absorbed 
from the soil and fertilizer, respectively. The amounts 
of P in the plants from pots where no P fertilizer was 
applied was used as the estimate of Ap. The difference 
between this amount of P in the plants where no P 
fertilizer was applied and the amount of P in the plants 
where P fertilizer was applied was used as the estimate 
of Bp.
Because the average “a” values for the tenth harvest 
for all three rates of added P appeared to provide the
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a glass-electrode pH meter by using 1:2 soil to water 
ratio. Soil moisture was determined by drying a 
weighed sample of the moist soil at 105 °C for 24 hr. 
and reweighing.
Other analyses were made on air-dried samples. Par­
ticle size analyses were made by using a modification 
of the method of Kilmer and Alexander (9 ). Organic 
carbon was determined by using potassium dichromate 
as described by Mebius (12 ). A vacuum distillation 
and titration method described by Allison and Moodie 
( 1 ) was used to determine the percentage of carbo­
nate carbon and C aC 03 equivalent.
EXPERIMENTAL RESULTS 
Laboratory Results
Soil Properties
The soil types sampled, a description of the field 
plot treatments, and some physical and chemical prop­
erties of the soil samples used in this study are reported 
in table 1. In this and in all subsequent tables, except 
table 3, the soils are listed in order of increasing P 
availability as indicated by “a” values calculated from 
the greenhouse data.
The initial Bray P-1 soil test values, as determined 
in the Iowa State University Soil Testing Laboratory, 
varied from 3.8 to 15.8 ppm. Soil pH varied from 5.2 
to 8.1. Organic carbon contents varied from 0.8 to 3.6%. 
Percentage sand varied from 2 to 34 and percentage 
clay from 14 to 36. The calcium carbonate equivalent 
was nil in all soils except one Webster soil with 1.3% 
C aC 03 equivalent and two Ida soils with greater than 
6% C aC 03 equivalent. Thus, the physical and chemical 
properties of the different soil samples showed wide 
variations. There was no consistent relationship be­
tween any of the other soil characteristics and the ini­
tial level of available P as measured by the “a” value 
or the Bray P test.
Recovery of Added P
Additions of P to the soil samples resulted in similar 
increases in the Bray soil-test P values for all soils ex­
cept the Ida soils (table 2 ).
As shown in fig. 1, the average percentage recovery
Fig. 1. Effect' of time of incubation after addition of 25, 50, 
and 100 ppm P as Ca(H2POi)2 on the average percent­
age recovery of the added P by the Bray P-1 extrac­
tion. Average of 18 soils (Ida soils not included).
Table 2. Bray P soil test values (ppm) as influenced by P additions and by cropping.
Sample
No. Soil Series
P test— not cropped" P test after cropping
Po Pi P3 P8 Po Pi P* P8
12........... ........... Ida 1.6 2.5 2.8 3.9 2.4 1.8 1.8 2.8
13........... . ........Webster 4.6 17.0 31.7 56.1 3.1 3.5 3.4 5.0
14........... ........... Webster 5.5 18.7 33.5 61.2 3.0 2.9 3.1 3.5
1........... ........... Kenyon 5.7 14.1 25.7 50.0 2.8 3.0 2.9 3.2
15........... ........... Kenyon 6.5 16.3 27.5 54.4 3.1 3.0 3.5 4.7
5 ........... ........... Moody 5.3 13.8 26.3 51.2 3.6 3.9 4.1 4.2
4 ........... ........... Galva 5.4 12.8 23.3 47.7 3.1 3.0 3.2 3.2
9 ........... ............Grundy 7.4 15.5 25.6 49.3 3.8 3.7 4.5 4.5
6 ........... ........... Edina 4.8 13.7 24.8 50.3 4.0 3.2 3.1 3.4
17........... ........... Ida 2.9 4.8 6.8 8.2 1.9 2.6 3.3 3.3
2 ........... ........... Cresco 8.3 18.2 29.0 55.2 3.5 3.7 4.0 5.3
18........... ........... Galva 12.0 20.2 32.3 52.6 2.9 3.8 3.3 3.9
11........... . . . . .Marshall 12.2 23.9 35.9 63.9 3.8 4.1 4.4 4.9
19........... . . . .  . .Moody 11.9 20.3 33.0 57.7 2.6 3.4 3.8 4.7
3 ........... . .x : . .Cresco 7.7 15.3 25.6 48.2 3.2 2.8 3.6 4.1
16........... . . . . .  Cresco 10.3 19.8 29.0 51.9 3.8 3.8 4.1 4.9
7 ........... ........... Edina 14.6 26.1 36.5 62.1 3.6 4.5 4.6 6.0
2 0 ........... ........... Kenyon 10.5 19.7 31.6 53.4 2.8 3.1 3.2 4.4
10........... ........... Marshall 17.8 28.2 41.9 68.8 3.6 3.9 4.5 6.0
8 ........... ........... Belinda 12.1 21.8 32.8 56.1 3.1 3.6 4.2 4.7
Average . . . ____  8.4 17.1 27.9 50.1 3.2 3.4 3.6 4.1
Average (excluding Ida so ils)................ ____  9.0 18.6 30.4 55.0 3.3 3.6 3.7 4.3
* Average P test over 100-day incubation period.
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of added P by the Bray extraction increased as the 
amount of added P increased, and decreased with time 
of incubation. The rate of decrease with time of incu­
bation was similar for all three rates of added P. Re­
action of the added P with the soils was initially rapid: 
Only 43 to 50 percent of the different rates of added P 
was recovered in the extracts after 5 days of incuba­
tion. After this initial period, recovery slowly decreased 
with time of incubation: The average recovery of the 
added P after 100 days incubation varied from 32 to 
40% for the different rates of added P.
The percentage recoveries of the different rates of 
added P averaged over the different times of incuba­
tion for the different soils are shown in table 3. Be­
cause recoveries of the added P were similar for dif­
ferent samples of the same soil series, but differed for 
different soil series, the results are arranged according­
ly. Average recovery of the added P from the different 
soil series varied from 37 to 53% and was in the order
Webster >  Marshall >  Edina >  Belinda =  Kenyon 
— Moody >  Cresco >  Grundy =  Galva >  Ida. When 
averaged over all times of incubation, rates of P addi­
tion, and soils (except Id a), the average recovery of 
the added P in the Bray extraction was 42%.
Where the standard 1:10 soil-solution ratio for the 
extraction was used, the percentage recovery of the 
added P from the two Ida soils averaged only 6% and 
was not influenced by the amount of added P even 
when the amount was increased to 300 ppm P. But 
where a 1:60 soil-solution ratio was used for the extrac­
tion, recoveries of the added P from the Ida soils were 
similar to those for the standard 1:10 ratio for the other 
soils and increased as the rate of added P increased 
similar to the values obtained for the other soils.
Cropping in the greenhouse for 385 days reduced the 
P tests for all soils at all rates of added P to a low level, 
which was very similar for all die soils (table 2 ).
Table 3. Average percentage recovery of added P in Bray P-1 extract (average of 5, 10, 
tion results) (1:10 soil-solution ratio except as indicated for the Ida soils).
15, 20, 30, 50, and 100 day incuba-
Soil
Sample
No.
Soil
Series
Percentage recovery of added P
P added (ppm) Average
25 50 100 150 200 300
13____ .......................Webster 50 54 52
14____ it 53 56 56
Av. . . . it 51 55 54 53
10____ .......................Marshall 42 46 51
11____ " 47 47 51
Av. . . . It 44 46 51 47
6 ____ .......................Edina 36 40 46
7 ____ It 46 48 48
Av. . . . It 41 44 47 44
8 ____ .......................Belinda 39 42 44 42
1____ ....................... Kenyon 34 40 44
15____ It 39 44 48
2 0 . . . . It 37 44 43
Av. . . . It 37 43 45 42
5 ____ .......................Moody 34 42 46
16____ . . . “ 34 42 46
Av. . . . It 34 42 46 41
2 ____ 40 41 47
3 ____ “ 30 36 40
19____ tt 38 39 42
Av. . . . 4* 36 39 42 39
9 ......... 32 36 42 37
4 ____ 30 36 43
18......................... u 33 41 41
Av. . . . n 31 38 42 37
AVERAGE (all soils) 38 43 46 42
12____ .......................Ida“ 3 2 2 4 5 4
17____ tt 8 9 6 7 6 7
Av. . . . it 6 6 4 6 6 6 6
12____ .......................Idab 26 29 31 32 47 51
1 7 . . . . It 17 34 37 56 54 53
Av. . . . 22 32 34 44 50 52 39
‘ 1:10 soil-solution ratio.
1:60 soil-solution ratio, 90-day incubation.
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Greenhouse Results
Dry-Matter Production
At die highest level of added P, there was very little 
difference in the amounts of plant dry matter produced 
on the different soils until the later harvests. But, as the 
rate of added P decreased, the difference in yields be­
tween the different soils occurred at successively ear­
lier stages in the cropping period (fig. 2 ). Large differ­
ences in yields occurred among the different soils at 
the low rates of added P (Appendix table A -l).
As shown in fig. 3, cumulative dry matter production
Fig. 2. (right*) Average cumulative plant yields at different 
levels of added P, and the range of yields between the 
highest and lowest yielding soils (No. 10 and No. 12) 
at each level of added P.
30
o
CL
CP
Q
_J
Ili
OC
LJ
h-
I-<
I
>-
OC
o
25
20
I 5
10
0 J12 3 14 1 15 5 4 9 6 17 2 18 II 19 3 16 7 20 10
oc oc il _jtu tu z z >- < o o z <1-(0CD
f-<nCD
o>z
o>*z
>-QO
<
Ò
QZ3
<z
UocoUJ
< Xtn
oc
MQO
o
inUJ
ocoUJ
<z
o>-Z
Xcooc
a tu£
tu
£ tu*c- UJ
OS <e> OCo oUJ
<Q oco <o
<2 O2 oco oco aUJ UJX
<2
Fig. 3. Cumulative plant yields in the 10 ryegrass harvests from the different soils without added P. ("a" values of the soils 
increase from left to right).
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generally increased as the level of available soil P ( as 
estimated by “a” values) increased. The yield differ­
ences among soils due to differences in P availability 
were larger in later cuttings than they were in the first 
cutting.
The effect of the P fertilizer additions on cumulative 
dry matter yields of the ryegrass plants is shown in 
fig. 4. This figure shows the data for the average of all 
the soils, for soil No. 12, which had the lowest P soil 
test, and for soil No. 10, which had the highest P soil 
test. Dry matter production by the plants was essen­
tially a linear function of time during the first part of 
the cropping period for most of the soils and levels of 
added P. The rate of dry-matter accumulation, how­
ever, decreased late in the cropping period for all soils 
and levels of added P. This decrease in rate occurred 
at successively earlier stages in the cropping period as 
the rate of added P decreased or as the level of soil P 
decreased.
The total dry-matter yield increase from added P 
generally decreased as the level of available P in the 
soil increased (fig. 5 ). Large increases in yield were 
obtained in all the first harvests from soils with low 
levels of available P. Yield increases from the added P 
were very small in the first three cuttings on soils with 
high levels of available P. In these soils the largest 
yield increases occurred in the fourth to seventh har­
vests. By the tenth cutting, yield increases from the 
added P were relatively small on all soils.
Percentages of P in the Plants
Additions of P markedly increased the percentages 
of P in the plants of the first cuttings (fig. 6 ). At all 
levels of added P, the percentage of P in the plants 
decreased with time of cropping in direct proportion 
to the amount of P removed from the soil by the plants. 
This decrease in percentage P continued in plants on 
all soils and at all levels of added P until, at the tenth 
harvest, no plants contained more than 0.10% P.
The values for the different constants in the linear 
regression equations relating percentage P in the plants 
to the cumulative P removed from the soil by the 
plants, percentage P =  a0 +  b X, are reported in ta­
ble 4. The coefficients of determination, r2, indicate 
that, in almost all instances, except where no P was 
added, the percentages of P in the plants were very 
highly correlated with the cumulative amounts of P 
removed by the plants. The average b values indicate 
that, where P was added, the decrease in percentage 
of P in the plants was approximately 0.06 (varying 
from 0.057 to 0.069 for the different rates of added P ) 
for each 10 mg of P removed. The b values for most of 
the individual soils were near this value, except the 
two Webster soils, nos. 13 and 14, which showed a 
much more rapid rate of decrease of percentage P.
The ao values from these regression equations should 
be good indicators of the initial intensity factor of P 
availability in these soils and should reflect the inten­
sity of P availability in the soils at the time comparable
a
Fig. 4. Effect of rate of added P on the cumulative dry matter yields of ryegrass for (a) a soil with very low available P (No. 12), 
(b) the average of a ll soils, and (c) a  soil wirii a high level of available P (No. 10).
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Fig. 6. Relation between percentage of P in the harvested ryegrass plants and the cumulative amount of P removed from the 
soils at different levels of added P for a low P soil (No. 12), the average of all soils, and a high P soil (No. 10).
Table 4. Regression parameters for the relations between the amounts of P previously removed by plants and the percentage 
of P in ryegrass plants grown on soils with different amounts of added fertilizer P.“
________________________b_______________________  _____________ ao_____________ _____________r®
Soil
No. Po Pi Ps Ps Po Pi Ps Ps Po Pi Ps Ps
12 — 0.0142 — 0.0070 — 0.0097 — 0.0071 0.11 0.21 0.35 0.46 0.47 0.88 0.95 0.9613 — 0.0073 — 0.0136 — 0.0110 — 0.0081 0.11 0.37 0.45 0.56 0.45 0.96 0.97 0.9514 — 0.0031 — 0.0101 — 0.0091 — 0.0064 0.10 0.32 0.42 0.51 0.06 0.94 0.90 0.711 — 0.0060 — 0.0069 — 0.0081 — 0.0049 0.13 0.24 0.35 0.38 0.49 0.92 0.95 0.9115 — 0.0048 — 0.0064 — 0.0074 — 0.0060 0.13 0.23 0.35 0.44 0.29 0.88 0.71 0.955 — 0.0022 — 0.0066 — 0.0073 — 0.0058 0.11 0.23 0.34 0.46 0.30 0.86 0.91 0.944 — 0.0020 — 0.0066 — 0.0070 — 0.0053 0.10 0.23 0.33 0.39 0.16 0.93 0.90 0.909 — 0.0049 — 0.0050 — 0.0066 — 0.0054 0.14 0.23 0.33 0.41 0.72 0.94 0.90 0.936 — 0.0011 — 0.0036 — 0.0046 — 0.0049 0.10 0.19 0.27 0.39 0.07 0.69 0.83 0.7617 — 0.0061 — 0.0069 — 0.0068 — 0.0066 0.16 0.27 0.45 0.48 0.77 0.91 0.88 0.932 — 0.0028 — 0.0052 — 0.0060 — 0.0042 0.13 0.26 0.36 0.38 0.54 0.88 0.90 0.9018 — 0.0037 — 0.0061 — 0.0069 — 0.0055 0.16 0.30 0.42 0.48 0.86 0.85 0.93 0.9411 — 0.0027 — 0.0057 — 0.0062 — 0.0048 0.14 0.26 0.35 0.40 0.69 0.96 0.93 0.9519 — 0.0030 — 0.0044 — 0.0058 — 0.0057 0.11 0.23 0.34 0.45 0.80 0.84 0.94 0.963 — 0.0212 — 0.0052 — 0.0062 — 0.0051 0.13 0.27 0.37 0.44 0.52 0.87 0.92 0.9316 — 0.0066 — 0.0099 — 0.0084 — 0.0065 0.22 0.41 0.49 0.51 0.83 0.85 0.88 0.927 — 0.0039 — 0.0054 — 0.0053 — 0.0056 0.18 0.28 0.34 0.47 0.83 0.88 0.92 0.9520 — 0.0067 — 0.0047 — 0.0051 — 0.0048 0.22 0.27 0.34 0.44 0.54 0.85 0.88 0.9410 — 0.0036 — 0.0049 — 0.0063 — 0.0051 0.21 0.31 0.46 0.48 0.88 0.91 0.94 0.969 — 0.0025 — 0.0056 — 0.0061 — 0.0058 0.16 0.30 0.38 0.49 0.67 0.82 0.87 0.92
Average
— 0.0048 — 0.0065 — 0.0070 — 0.0057 0.14 0.27 0.37 0.45
20 Soil Av.b
— 0.0034 — 0.0062 — 0.0069 — 0.0057 0.14 0.26 0.36 0.45
Parameters for the linear regressions of Y  =  ao -f bX. Y  =  P in the grass plants, ao =  the predicted percentage P in the 
plants at time zero, b =  the rate of change in percentage P in the plants as P was taken up by the plants and removed from 
the soil, and X §§ the cumulative mg of P taken up by the plants. Po, Pi, P2, and P3 =  0, 25, 50, and 100 ppm of added fertilizer 
P, Respectively.
Values obtained when the average data for the 20 soils were used to calculate the regression equations.
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Fig. 7. Cumulative uptake of P by the ryegrass plants in the 1© harvests from the different soils where no P fertilizer was added, 
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to that for the soils analyzed for available P by the 
chemical extraction in the laboratory. The average in­
creases in these a0 values resulting from added P were
0.13, 0.23, and 0.31 for 25, 50, and 100 ppm of added P, 
respectively. The only soils that consistently deviated 
appreciably from these average values were soil No. 16, 
one of the three Cresco soils, and soils nos. 13 and 14, 
the two Webster soils. In this one Cresco soil and the 
two Webster soils relative to the other soils, it appears 
(a) that added P increased the intensity of available P 
more but (b ) that the intensity of available P de­
creased more rapidly as P was removed by the plants.
P Uptake by the Plants
The cumulative amounts of P removed in the differ­
ent plant harvests from the different soils where no P 
was added are shown in fig. 7. For each of the soils, 
the amount of P taken up by the plants was highest in 
the first harvest and generally decreased in succeeding 
harvests. Total P uptake in the 10 harvests varied from 
5.0 to 35.1 mg P per pot, generally increasing with the 
increase in available P in the soil as indicated by the 
“a.” value grouping of the soils in fig. 7.
The amounts of P, averaged over all soils, taken up 
from the different levels of added P by successive cut­
tings of the ryegrass plants are shown in fig. 8 C. In 
the first harvest, P uptake increased at a decreasing 
rate as the amount of added P increased. This pattern
changed in succeeding harvests, however, and in the 
second, third, and fourth harvests, the amounts of P 
taken up by the plant increased linearly as the rate of 
added P increased. In later harvests, P uptake in­
creased at an increasing rate as the amount of added P 
increased. The amounts of P taken up per harvest at 
any one level of added P generally decreased with suc­
cessive harvests. Similar families of curves for the suc­
cessive harvests were found for both the dry-matter 
yields and the percentage of P in the plants, as shown 
in figs. 8 A and 8 B, respectively.
The cumulative amounts of P taken up by the plants 
from each of the different levels of added P increased 
with successive harvests (fig. 9 ). In the first harvests, 
P uptake from most of the soils increased at a decreas­
ing rate as the rate of added P increased, but in later 
harvests, the cumulative P uptake became essentitally 
a linear function of the amount of P added.
Uptake of P by the ryegrass continued throughout 
the entire cropping period from all soils and all levels 
of added P (fig. 10). The rates of P uptake increased 
markedly from soils with low levels of available P to 
the soils with high levels of available P and, for all 
soils, increased as the level of added P increased. In all 
instances, however, the rate of P uptake decreased 
with time of cropping and had become very slow by 
the time of the tenth harvest.
The percentage recoveries of added P from the dif­
ferent soils and different rates of added P are shown in
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Appendix table A-2 for the different ryegrass harvests. 
As shown in fig. 11, the average percentage recovery 
of added P by the ryegrass plants decreased slightly as 
the rate of added P increased. This effect was evident 
in the first harvest, but not in the subsequent harvests. 
Total recovery of die added P in the 10 harvests varied 
from only 49 to 53% of the added P for the P3 and Pi 
rates, respectively. The average recovery for ali rates of 
added P was 51 percent. Average percentage recover­
ies in the different harvests were 13, 9, 7, 7, 4, 3, 3, 2, 2, 
and 1 for the first to tenth harvests, respectively.
The average cumulative recoveries of the different 
rates of added P by the ryegrass from the different 
soils are illustrated in fig. 12. The total recovery of the 
added P in the 10 harvests was 51 ±  5% for 17 of the 
20 soils. Recoveries from the two Webster soils were 
slightly higher, 57 and 61%, and, from the Belinda soil, 
was slightly lower, 43%. As with recovery from the dif­
ferent rates of added P, die differences in recovery of 
the added P from the different soils were primarily due 
to differences in recoveries in the first harvest. Recov­
eries in the first harvest from the two Webster soils 
were high—about 19% as compared with an average of 
13% for all soils. Percentage recovery of added P in the 
first harvest generally decreased as the level of avail­
able soil P increased.
Use of the P yields of the P0 treatment as the esti­
mate of plant uptake of soil P in calculating recovery 
of the added P resulted in very litde difference from 
the results reported here in which the average “a” 
value for the tenth harvest was used as the estimate of 
soil P availability for all harvests. For 19 of the 20 soils, 
the total percentage recoveries in 10 cuttings calcu­
lated by using the P yields of the Po treatment were 
within ±4% of the results in fig. 12, and for the one soil 
(No. 16), the difference was 7%, 53% using the P yield 
of the P0 treatment as the base as compared with the 
46% reported here. When the P yield of the P0 treat­
ment was used as the base, estimates of the average 
percentage recoveries of added P in the different har­
vests were 15, 11, 8, 6, 4, 2, 2, 2, 1, and 1 for the first 
to the tenth harvests, respectively. These estimated re­
coveries were slightly higher for the first three harvests 
and slightly lower for all subsequent harvests than 
were similar estimates made by using “a” values for 
the base. This effect was the same for all the soils.
Indexes of P Availability in the Soils
'Hie results of this study provide different indexes 
of P availability in the 20 different soils and permit 
comparisons of these different indexes. The different 
indexes are:
V  The Bray P-1 soil-test results.
2. a values (for native soil P only).
predicted % P in the plants at the initiation 
of the study; i.e., the initial P intensity factor.
, 4- Total P removal from the soil by the plants; i.e., 
tne P capacity factor.
The “a” values based on the cumulative amounts of 
P taken up are reported in Appendix table A-3 for each 
soil and each harvest, and the results are summarized 
in table 5. The “a” values calculated for any one soil at 
the tenth harvest were essentially the same for the dif­
ferent rates of added P. And for the P3 level of added 
P, the “a” values for 16 of the 20 soils were reasonably 
constant for all 10 harvests. Except for the soils with 
very low “a” values, where there was no effect of rate 
of added P or different harvests on the “a” values, the 
“a” values for the lower rates of added P generally in­
creased with succeeding harvests. In the early harvests, 
the “a” values generally increased as the rate of added 
P increased. Exceptions to these generalizations were: 
(a ) the Ida soil (No. 17) in which the “a” values were 
constant for all cuttings at the lowest addition of P and 
decreased with succeeding harvests with the highest 
addition of P and (b ) the Cresco (No. 3 ), Kenyon 
(No. 20), and Belinda (No. 8 ), soils in which the “a” 
values increased with succeeding cuttings with all lev­
els of added P. Because the “a” values for all rates of 
added P were similar at the tenth harvest, the results 
from the 3 rates of added P at this harvest were aver-
25 ppm 50 ppm 100 ppm
RATE OF ADDED P
Fig. 11. Effect of rote of added P on percentage recovery of 
the added P in the ryegrass plants. Average of 20 
soils. (Harvest number indicated by digits 1, 1st 
harvest, to 10, 10th harvest.)
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Table 5. Summery of "a* values for the first and tenth harvests from the different soils as influenced by the rote of added P.
"a "  value ____
Soil Soil
No.________________Series
12 .............Ida
13 .............Webster
14 .............Webster
1 .........................Kenyon
15 .............Kenyon
5  ...........Moody
4 .........................Galva
9 .........................Grundy
6  ...........Edina
17 .............Ida
2. . . .  . . . .Cresco
18 .............Galva
11........................ Marshall
19 ........... .. Moody
3 ........................ Cresco
16 ............ Cresco
7  ...........Edina
2 0  .............Kenyon
10.... . . . Marshall
8. . . . Belinda
Average................................
1st
9
9
8
13
15
1314
17
17 
29
18 
37
25 
32 
14
26 
48 
27 
60 
32
10th
9
12
13
18
19
23
22
25
26 
29 
29
41 
44
42 
41 
49 
55 
55 
77 
89
1st 10th
10
10
11
17
20
17
16
33 
26
34 
22 
28 
29
32 
20 
27 
54
33 
47 
44
10
12
14
21
23 
22
24 
29 
32 
32 
36 
41 
45 
45 
49 
44 
56 
60 
67 
84
1st
12
14
16
29 
23 
20  
26 
36
30 
42 
42 
47 
47 
41 
35 
59 
55 
46 
80 
67
10th
10
13
15
21
22
21
24
31
34
34
41
47
45
50
53
56
59
61
80
83
Average 
10th cut
10
13
14 
20 
21 
22 
23 
28
31
32 
35 
43
45
46 
48 
50 
57 
59 
75 
85
23.1 36.4 26.5 37.3 38.4 40.0 37.8
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aged for each soil as the best “a” value estimate of P 
availability for each soil.
These “a” values for the different soils were very 
highly correlated with the index of P capacity; i.e., the 
total amount of P taken up by the plants in 10 harvests 
from the soils where no P was added (fig. 13). This 
high correlation would be expected because (a ) the 
total P uptake from the soil was used in calculating 
the “a” values and (b ) the percentage uptake of added 
P was very similar for all soils. The “a” value is an 
estimate of soil P availability in relation to the avail­
ability of the added P.
The correlation between the “a” values and the ini­
tial P intensity (i.e., the predicted initial percentage P 
in the plants ) was highly significant, r2 =  0.45, but 
much poorer than was that for P capacity (fig. 13). 
The “a” values were highly correlated with the Bray P 
soil-test results for the different soils, but, as indicated 
by the r2 value of 0.70, deviations from the regression 
were relatively large for some soils.
The initial P intensity and the P capacity factors for 
all levels of added P and different soils ( except Web­
ster) were highly correlated, as shown in fig. 14. A 
separate regression was calculated for the Webster 
soils with added P because the initial P intensity was 
generally higher in these soils for any given P capacity 
than it was for most of the other soils. However, the
Fig. 14. Relation between the P intensity and P capacity 
factors of the different soils with different levels of 
added P. (See fig. 13 for symbol description.)
Oco
•9. 13. Relations between the "a "  values and the Bray P soil test results, the index of initial P intensity, and the index of P 
capacity for the different soils. (Symbol is first letter of soil series name, circled for Grundy and Moody.)
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results of a few of the Cresco, Ida, and Kenyon soil 
samples were similar to those for the Webster soils. 
The regression line for the Webster soils was very 
nearly parallel to that for the other soils but was dis­
placed to a higher level of initial P intensity.
The Bray P soil-test results were highly correlated 
with the initial P intensities and even more highly cor­
related with the P capacities for all levels of added P 
and all soils except the Ida soils (fig. 15). The initial 
P intensities for some of the Webster and Cresco soils 
with added P were appreciably higher in relation to 
the P soil test results than was typical of most of the 
other soils.
DISCUSSION AND CONCLUSIONS
Added P had essentially the same availability to 
plants in all these soils irrespective of the differences 
in soil pH, presence of free C aC 03, organic matter 
contents, soil texture, levels of available soil P, or varia­
tions in other unmeasured soil characteristics. The per­
centage uptake of the added P was decreased in die 
first harvests by increases in the level of available soil 
P or the level of added P, but these differences largely 
disappeared in later harvests. The added P appeared 
to rapidly react with or be sorbed by the soils with 
approximately half remaining in a form or forms avail­
able to plants and the other half being converted to
form s relatively unavailable to plants. Moore, Attoe, 
and Rich (13 ), using a 24-month cropping period with 
oats on 5 Wisconsin soils similar to these Iowa soils, 
obtained similar recoveries of the added P. Recoveries 
of added P from soils of Iowa and the adjacent states 
in the uniform P studies10 varied from 9 to 22 percent 
for different soils and different rates of added P. These 
were for a 5-week greenhouse cropping period with 
millet and are similar to the recoveries reported here 
for the first ryegrass harvest, which was made 50 days 
after planting.
In general, the index of P intensity ( the percentage 
of P in the harvested plants) decreased linearly in rela­
tion to the amount of P removed by the plants from the 
soils; i.e., as the P capacity was reduced. This relation­
ship permitted the index of P intensity to be projected 
to the time of initiation of the greenhouse cropping 
(before any P had been removed from the soils by the 
plants and the soils were in the same condition as when 
sampled for chemical analysis in the laboratory). Addi­
tions of P resulted in similar increases in this estimated 
initial percentage of P in the plants from all but the 
Webster soils. The additions of P increased the index 
of initial P intensity slightly more in the Webster soils 
than in the other soils. This was reflected, not only as 
a greater increase in the estimated initial % P in the 
plants, but also in a greater uptake of the added P in
10 See footnote 8.
the Bray extraction in the laboratory from these two 
Webster soils.
Plant uptake of P reduced the amount of available P 
in all the soils with or without added P. This depletion 
of the “pool” of available P in the soils was reflected in 
very low percentages of P in the plants (less than 
0.10%) and in the amounts of P extracted from the soils 
by the Bray test in the laboratory (2  to 6 ppm P ). By 
the tenth harvest, these indexes of available P in the 
soils had been reduced to a very low, “minimal,” levels. 
In some soils this reduction to a minimal level occurred 
relatively early in the cropping period, but the plants 
continued to remove P without appreciable further re­
duction in the concentration of P available to the 
plants. At this very low level of available P, however, 
the plants were extremely P deficient, yields were very 
low, and the actual amounts of P taken up by the 
plants were very low.
The influence of different rates of added P on the 
yields of P (and on yields of dry matter and the per­
centage P in the plants) provided a family of response 
curves for the successive ryegrass harvests. Relative to 
the amounts of P added, the yields of the individual 
harvests increased at a decreasing rate in the first har­
vests, became linear in the intermediate harvests, and 
increased at an increasing rate in later harvests. The 
cumulative yields increased at a decreasing rate in die 
first harvests and then became linear in later harvests.
Yield of P curves indicate a higher percentage re­
covery of the added P by the plants from lower rates 
than from higher rates of added P in the first harvests. 
This difference in early recovery of added P resulted 
in more rapid depletion of the P from these low rates 
of application with subsequent higher percentage re­
coveries of the added P from the higher rates of appli­
cation in later harvests.
The “a” value estimates of P availability in the soils, 
as calculated here, were influenced by these P yield 
responses. The “a” values estimate the amount of soil 
P available to the plant relative to the amount of fer­
tilizer P added. With the data available here, the 
amounts of P taken up by the plants where no fertilizer 
P was added had to be used as the estimate of the 
amount of soil P taken up at all levels of added P, and 
the differences between this amount and the amounts 
of P taken up where fertilizer P was added had to be 
used as the estimate of fertilizer P taken up. Calcula­
tions of the “a” values in this way are based on the 
assumption that the amount of P absorbed from the 
soil is independent of the amount of fertilizer P ap­
plied, and, if the yield of P curve is a straight line, the 
percentage utilization of fertilizer P is the same for all 
rates of P application. These assumptions are obviously 
not completely warranted. However, Dean (4 ) has 
shown that these effects were not great for most soils, 
and the “a” values calculated from the yield of P data 
were, with a few definite exceptions, highly correlated 
with “A” values calculated from P-32 data. In both 
instances, the “a” values increased as the rate of ap­
plied P increased. A similar effect was obtained in this 
study where cumulative P yields from 25, 50, and 100 
ppm of added P were used to calculate the “a” values. 
This effect was very marked for the first harvest, which 
was comparable to that in the uniform P study, but 
gradually disappeared in subsequent harvests. For 
these later harvests the cumulative yield of P became 
essentially a linear function of the amount of P added, 
and plant uptake of soil P at all levels of added P re­
duced the remaining available soil P to very low levels.
It is significant that (a ) the “a” values calculated 
from the 100 ppm addition generally did not change 
with successive harvests and that (b ) the “a” values 
for soils with very low initial levels of available soil P 
did not change appreciably with either successive har­
vests or increased rates of added P. It appears that the 
“a” values (calculated either from the cumulative P 
yields resulting from the 100 ppm P rate for any har­
vest or from the cumulative P yields for any rate of 
added P at the tenth harvest) provide reliable esti­
mates of the P capacity factor for P availability in these 
soils. And, since the P capacity and P intensity were 
highly correlated, the “a” values also provide good 
estimates of the P intensity in these soils.
Other studies (1 4 )11 have shown that plant uptake 
of fertilizer P is decreased when the fertilizer P is 
added to the soil and allowed to incubate for a time 
before the crop is planted. This study provides no data 
to evaluate this effect as far as plant availability of 
the added P is concerned. Chemical extraction of the 
added P by the Bray test, however, did indicate a very 
rapid initial reduction in the amount of extracted P 
after the P fertilizer was added to the soils, and this 
was followed by a slower but continued decrease in 
the amounts of P extracted with time of incubation. 
Total plant removals of the added P from the soils dur­
ing the 385-day cropping period were very nearly 
equal to the amounts of added P extracted by the Bray 
solution 5 days after the P was added.
Plants grown on the soils where no P was added con­
sistently removed approximately twice as much P as 
was extracted from these soils by the Bray test in the 
laboratory. The proportion of the added P extracted by 
the Bray test relative to that removed by the plants 
was significantly greater than this. The plants removed 
about 50 percent of the added P during the 385-day 
cropping period. The Bray test extracted 32 to 40 per­
cent of the added P after the 100-day incubation period. 
But the amounts of P extracted by the Bray test contin­
ued to decrease with an increase in the time of incuba­
tion, and this decrease might be expected to continue 
until the Bray test extracted about 25 percent of the 
added P. If this occurred, the ratio of the amount of 
added P extracted by the chemical test to the amount 
taken up by the plants would be similar to the ratio of 
soil P extracted by the Bray test to the amount of soil P 
taken up by the plants. Then one would expect addi-
11 See also Thorne, op. cit.
473
tions of P in the field to increase the P-test results by an 
amount equivalent to about 25 percent of die amount 
of P applied if the fertilizer has been thoroughly mixed 
with the soil and if the soil is sampled a year or more 
after the fertilizer P was applied. This agrees with the 
results of Peck, Kurtz, and Tandon12 who found that 
increases in Bray P-1 soil-test values resulting from ap­
plications of P fertilizer on Illinois soils were about 1 
pp2m for each 4 pp2m of P added as fertilizer during 
a 3-year period.
The results of the chemical extraction of P from the 
soils with the Bray P-1 extractant (0.025 N HC1 and 
0.03 NH4F ) with a 1:10 soil-solution ratio provided a 
good index of the initial P availability and reflected 
the decrease in plant available P as measured by P re­
moval during the greenhouse cropping in all the soils, 
except the very calcareous Ida soils. The failure of the 
Bray test to provide a reliable index of P availability 
in the Ida soils appears to result from the high C aC 03 
content of these soils—greater than 6%. It is known that 
effective extraction of P with fluoride must be in an 
acid solution and that the extract must be slightly acid
12 T. K. Peck, 1.. T. Kurtz, and H. L. S. Tandon. Unpublished data. 
Agronomy Department, University of Illinois, Urbana. 1969.
to prevent precipitaton of the P as calcium phosphate. 
The amount of C aC 03—1.3% C aC 03 equivalent—in the 
Webster soil ( No. 13) was not sufficient to neutralize 
all the HC1 in the extractant. Consequently, the extract 
from this soil was slightly acid, and the Bray test pro­
vided a good index of P availability. The amount of 
acid in the extractant was not sufficient, however, to 
neutralize all the C aC 03 in the Ida soils when a 1:10 
soil extractant ratio was used. Consequently, the ex­
tract was alkaline and contained an appreciable amount 
of calcium. Changing the soil-solution ratio to 1:60 
provided enough HC1 to neutralize all the C aC 03 in 
these Ida soils and still have a slightly acid extract. 
The amounts of added P recovered from the Ida soils 
by this extraction were very comparable to the amounts 
extracted by the normal procedure from the other soils. 
This agrees with the results of other investigators (3, 
15), who found that similar changes in the soil-solution 
ratio for the Bray extraction of calcareous soils from 
Minnesota and Kansas markedly increased the correla­
tion between the test results and P uptake by the 
plants or plant yield increase from added P. Use of 
higher solution to soil ratios resulted in high correla­
tions for the calcareous soils.
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APPENDIX
Total plant dry matter and P yields for 10 har-Table A -l.
vests of ryegrass from different soils and different 
rates of P fertilizer application.
Soil
No.
Total Dry Matter 
g/pot
Total P Yield 
mg/ pot
Po P. Pa Pa Po Pi Pa Pa
12 ........ . 7.2 16.1 21.6 31.9 5.0 19.0 30.7 56.8
13 ........ 9.2 15.9 20.6 29.7 7.3 22.7 35.4 61.6
14 ........ . 10.7 18.2 23.0 32.3 8.6 25.4 39.9 64.0
1 ........ . 11.2 19.0 22.6 33.6 10.3 24.6 34.8 59.9
15 ____ . 12.3 20.7 24.6 34.0 11.2 25.9 37.4 61.5
5 ____ . 12.1 17.8 24.1 33.0 11.4 23.9 37.0 66.0
4 . . . . . 13.6 20.6 25.5 37.4 11.9 25.4 37.5 60.2
9 ____ 15.5 22.2 27.0 35.9 14.9 30.9 40.4 61.8
6 ____ . 19.2 26.7 29.4 36.5 15.8 30.8 40.5 63.0
17 ____ . 16.1 23.5 28.8 37.3 16.2 30.0 41.2 63.6
2 ........ . 20.4 26.0 30.2 37.3 19.9 37.4 47.6 68.0
18 ____ . 21.0 27.1 30.1 37.7 23.2 37.2 51.8 73.0
11 ____ . 21.0 24.4 28.5 38.1 21.3 33.5 45.1 68.2
19 ____ . 21.8 27.2 31.0 36.5 22.3 35.5 47.1 67.3
3 ____ . 23.7 25.6 28.8 34.3 23.9 38.5 47.5 68.6
16 ____ . 20.7 24.2 30.4 34.6 24.6 37.1 52.8 68.4
7 ____ . 23.4 28.5 33.8 38.1 27.1 39.0 51.4 72.0
20 ____ . 26.9 29.1 32.8 38.9 28.1 40.8 51.4 73.9
10 ____ . 27.6 31.1 34.0 40.3 35.1 47.4 61.4 79.0
8 ____ . 28.6 29.8 33.3 37.7 32.7 41.9 51.5 72.2
Average . 18.0 23.4 28.0 35.8 19.6 31.7 43.6 66.6
Table A-2. Cumulative percentage recovery of added fertilizer P in different harvests from different soils and different rates of
P fertilizer applications. Based upon "a" value estimates of soil P availability for calculation of plant uptake of soil P.
Level of Har- ___________________________________________________ Soil No.____________________________________________________________
added P vest 12 13 14 1 15 5 4 9 6 17 2 18 11 19 3 16 7 20 10 8 Av.
Pi 1 16.4 20.8 24.8 17.6 16.8 18.4 14.4 14.8 14.0 12.4 14.8 12.4 12.0 10.8 15.2 15.2 11.6 12.4 10.0 10.8 14.2
2 28.8 37.2 38.8 28.4 27.6 30.0 24.8 26.0 24.0 21.6 24.4 20.8 21.6 20.0 24.4 22.0 18.0 22.0 17.6 18.0 24.8
3 38.8 46.8 48.6 34.8 35.2 37.2 32.8 32.0 31.2 29.2 31.6 28.4 28.4 26.8 31.6 28.0 26.0 28.8 23.6 24.0 31.1
4 43.6 50.4 54.8 39.2 40.4 41.2 39.6 41.2 36.0 35.6 40.8 37.2 34.8 32.8 38.0 32.4 32.0 35.2 30.4 28.8 38.2
5 46.4 52.8 58.0 43.6 44.0 44.0 42.8 45.2 40.0 39.6 44.4 41.2 38.0 36.8 40.0 34.4 35.6 39.6 35.2 32.0 41.8
6 49.6 55.6 60.4 46.8 47.2 46.4 45.6 48.0 43.2 42.4 48.0 44.4 41.2 40.4 46.4 36.4 38.8 42.4 38.0 34.8 44.8
7 51.6 57.2 61.6 48.0 49.2 49.6 47.2 50.0 47.2 44.0 50.8 47.2 43.6 45.6 49.6 39.6 41.6 46.4 40.4 37.6 47.4
8 53.6 58.8 64.0 50.0 51.6 52.4 49.6 52.0 52.0 46.4 53.6 49.6 45.6 49.2 53.6 42.4 44.0 49.6 42.8 40.8 50.1
9 54.0 59.6 64.8 51.6 53.2 54.0 51.2 54.0 55.6 47.2 55.6 51.2 47.2 51.6 56.0 44.4 45.6 52.0 44.4 42.8 51.8
10 54.8 59.6 65.2 52.4 54.0 56.4 52.0 55.2 58.0 47.6 57.6 52.4 48.4 52.8 57.6 46.0 46.8 53.6 45.6 44.4 52.9
Pa 1 15.6 20.0 18.8 15.4 16.8 16.2 14.0 14.2 11.6 11.8 14.4 10.4 11.8 11.4 14.2 16.6 11.2 12.2 11.4 10.2 13.9
2 26.8 32.6 32.4 25.2 27.0 27.0 24.0 22.4 22.0 20.2 23.4 15.6 20.6 20.8 22.6 23.2 19.2 20.0 20.0 17.8 22.7
3 35.2 42.4 44.0 32.0 34.2 34.0 32.4 29.0 29.4 26.6 29.4 26.6 27.2 27.0 28.8 28.6 25.6 26.2 26.8 23.6 30.4
4 41.6 47.6 49.8 37.8 40.0 39.8 39.6 36.0 34.4 33.6 36.0 33.8 34.0 34.2 34.4 34.2 32.2 32.8 33.4 29.2 36.7
5 44.4 50.6 53.0 41.0 43.4 42.4 43.4 39.8 37.4 38.2 49.4 40.8 38.0 37.6 39.0 37.6 36.6 37.8 37.6 32.0 40.6
6 47.0 52.8 55.0 43.4 45.6 45.0 45.6 42.6 40.8 40.8 43.4 45.0 41.2 40.8 41.6 40.4 39.4 41.0 40.6 34.6 43.4
7 48.4 54.2 56.8 45.0 47.0 47.8 47.4 44.8 44.2 42.8 46.4 47.6 43.4 45.0 45.4 43.8 40.6 43.8 43.2 37.2 45.7
8 50.0 55.4 59.0 46.4 49.0 51.0 49.0 47.2 47.6 44.8 49.4 49.8 45.2 47.8 48.6 46.8 45.0 47.2 45.4 39.8 48.2
9 50.8 56.0 60.2 47.8 50.4 52.6 50.2 48.8 49.8 46.2 51.6 51.8 46.8 49.8 50.2 48.6 46.4 49.4 46.8 41.6 49.8
10 51.2 56.2 62.4 48.4 51.2 53.6 50.8 49.8 52.0 47.4 53.0 53.0 48.0 51.7 51.6 48.8 47.6 50.8 47.6 43.2 50.8
Pa 1 12.6 15.4 13.9 10.3 13.3 14.9 9.7 10.3 10.2 10.2 9.7 11.3 8.9 9.9 10.1 10.7 11.3 10.3 9.3 8.4 11.0
2 21.4 26.4 26.0 18.9 22.4 24.4 17.8 19.4 19.6 17.6 17.0 20.4 17.2 17.8 17.3 16.7 18.5 17.7 16.3 15.8 19.4
3 29.3 35.1 35.1 24.7 28.8 30.9 24.9 25.7 26.3 24.1 21.9 27.0 23.4 23.7 22.8 21.3 23.4 23.3 21.8 21.3 25.7
4 37.1 42.9 42.4 32.0 34.8 38.3 32.2 33.3 32.6 30.2 29.1 33.4 30.1 30.3 30.1 27.3 29.6 29.1 28.2 27.4 32.5
5 42.5 47.2 47.4 36.9 39.3 41.7 37.1 37.5 36.6 35.6 33.9 38.0 35.3 35.2 35.1 30.6 34.5 34.8 32.6 31.7 37.2
6 46.0 50.0 50.5 40.5 42.4 45.3 40.7 40.5 39.3 39.3 38.6 41.9 38.6 39.0 39.2 33.6 37.7 39.2 35.7 34.6 40.6
7 47.9 51.3 52.0 44.0 45.0 49.2 43.4 43.1 42.7 42.0 42.4 44.8 41.8 42.2 42.7 37.6 40.6 43.2 39.0 37.7 43.6
8 49.7 52.8 54.2 46.6 47.2 52.4 46.1 45.1 45.8 44.2 45.5 47.3 44.6 44.8 46.0 40.8 43.0 46.0 41.6 40.1 46.2
9 50.9 53 7 55.3 48.1 48.7 54.1 47.5 45.9 47.8 45.4 47.2 48.8 46.5 46.2 47.1 42.6 44.4 47.6 43.1 41.6 47.6
10 51.6 54.5 56.1 49.1 50.0 55,4 48.5 47.2 49.2 46.1 48.6 50.0 47.8 49.4 48,3 43.8 45.6 48.9 44.2 42.7 48.8
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Table A-3. " a "  values calculated for different harvests from different soils and different rates of P fertilizer applications.
Level of 
added P
Harvest
No.
"a‘" Value for indicated soil number
12 13 14 1 15 5 4 9 6 17 2 18 11 19 3 16 7 20 10 8
Pi .........____  1 . _ ____ 9 9 8 13 15 13 14 17 17 29 18 37 25 32 14 26 48 27 60 32
2 ........... 6 8 7 13 14 13 13 17 14 30 19 42 26 31 17 28 40 29 61 35
3. _ _____ 6 8 8 14 17 13 15 19 15 31 21 38 27 30 18 30 44 25 56 37
4. . ____ 7 10 9 17 19 17 18 20 19 30 19 37 27 32 21 35 48 31 52 44
5 ........... 8 11 11 16 19 17 19 21 20 28 22 39 35 30 23 37 49 31 57 60
6 . ......... 8 12 12 15 20 19 20 22 22 29 23 39 37 33 28 40 51 36 64 69
7, 9 12 12 18 19 19 20 22 24 28 25 39 37 33 31 46 51 44 69 72
8 ........... 9 12 13 19 19 20 21 25 24 29 26 40 40 37 35 49 54 50 73 78
9 ........... 9 12 13 18 19 22 21 25 26 29 28 40 42 40 39 49 54 52 74 86
10........... 9 12 13 18 19 23 22 25 26 29 29 41 44 42 41 49 55 55 77 89
P2 ____ ....... 1 ........... . 10 10 11 17 20 17 16 23 26 34 22 28 29 32 20 27 54 33 47 44
2 . ......... 7 10 9 17 18 16 16 24 19 36 24 28 32 32 24 31 51 40 52 45
3. . . .  . 6 9 10 17 21 16 17 24 19 38 24 30 33 33 25 34 58 36 48 46
4 ........... 8 11 12 19 22 18 19 26 22 34 27 34 32 32 28 36 52 37 49 49
5 ........... 9 12 12 19 22 18 19 27 24 32 30 34 38 31 29 36 50 38 55 60
6 . . . .  . 9 13 13 19 23 19 20 27 25 33 31 36 39 35 34 37 52 45 60 66
7.......... . 10 13 14 20 23 20 21 27 27 32 32 38 40 35 38 40 52 51 62 70
8 . . . .  . . 10 13 14 21 23 21 22 29 29 33 33 39 42 40 43 42 54 55 63 77
9 . . . .  . . 10 13 14 21 23 22 22 29 30 33 35 40 43 43 46 43 54 58 65 82
10......... . 10 13 14 21 23 22 24 29 32 32 36 41 45 45 49 44 56 60 67 84
Ps . . . . ____  1 ......... . 12 14 16 29 23 20 26 36 30 42 42 47 47 41 35 59 55 46 80 67
2 ......... . 9 12 13 24 21 18 24 30 23 44 40 45 44 42 37 57 56 51 82 60
3 ......... . 8 12 13 20 24 18 24 30 23 44 44 45 43 41 37 59 61 46 80 60
4 ......... 9 13 14 23 24 19 25 30 24 40 40 47 40 40 38 55 60 48 74 59
5 ......... 9 13 14 22 24 19 23 29 25 36 40 46 43 39 38 54 56 46 77 65
6 ......... 9 13 15 22 24 19 23 30 26 36 39 45 44 38 42 53 57 48 81 69
7 ......... . 10 14 15 21 23 19 23 29 29 34 38 46 43 41 44 54 56 50 80 70
8 ......... . 10 14 15 21 23 20 24 30 30 35 39 46 43 45 48 55 58 56 79 75
9 ......... . 10 14 15 21 23 21 23 31 32 34 40 47 44 48 51 55 58 59 80 80
10 ......... . 10 13 15 21 22 21 24 31 34 34 41 47 45 50 53 56 59 61 80 83
476
